Wind turbine blade is the most important part of wind turbine; most of the blades are made from composite materials. The 5 MW wind turbine blade model used in this study is adopted from US National Renewable Energy Laboratory (NREL). The finite element software ANSYS was used to analyze the stress distribution and deformation of wind turbine blade under various loads. The wind turbine blade is a sandwich structure made by carbon fiber cloth/epoxy composites as the outermost layer and the glass fiber/vinylester as inner layers, together with PVC foam as the core material. The composite stacking angle and skin thickness of wind blade were varied in the analysis. ± stacking angle in glass fiber/vinylester composites had a minimum stress and displacement. When varying the skin thickness of wind blade, both linear and optimal skin thicknesses can enhance the rigidity of blade, though increasing the weight of blade.
Introduction
With the rapid development of industry, the energy needed by human society is increasing, and the environmental pollution is becoming more and more serious. In order to reduce the consumption of coal and carbon and the impact on the environment, the use of renewable energy has become an indispensable and important issue. There are many types of renewable energy, but due to technical maturity and economic impact, so far the development of wind power is the most mature [1] . Wind turbine uses the air aerodynamic effect to convert the wind energy into power and to generate electricity. The rotor of wind turbine composes of blades and the hub; the blade has different airfoil shape and internal structural design to achieve the needed power efficiency.
The sandwich structure is a good choice to be used in the composite wind turbine blade. Mouritz and Thomson [2] performed compression test and four-point bending experiments for the sandwich structure containing defects and found that the compression side produced local buckling similar to that under axial compression. Chen and Kam [3] reduced the wind load on the blade to a four-point load by the Whiffle-tree method. Sun et al. [4] compared the stress and strain analyses of a 1.2 MW horizontal axis wind turbine blade with four different laminated structures; they found that the blade structure with lamination s ] 90 / 60 / 0 [ ± was the most effective. Yeh et al. [5] evaluated the stress distribution and deflection of NREL 5MW wind blade under different structural support.
In this study, the stress and deformation analyses of the NREL 5MW blade were carried out by finite element analysis. The wind turbine blade is made by outer carbon fiber cloth/epoxy composites and the inner glass fiber/vinylester layers, together with PVC foam as the core material. Three different skin thickness arrangements for the wind blade and the glass fiber/vinylester composites with four different stacking angles were discussed.
Finite Element Analysis
In this study, the finite element analysis software ANSYS [6] was used to analyze the stress distribution and displacement of the wind turbine blades under the wind load.
Wind Turbine Blade
The 5 MW wind turbine blade model is adopted from US National Renewable Energy Laboratory (NREL). The model has a length of 61.5 m, using 19 airfoil sections. The round part connecting the hub is 6.83 m long; the remaining part uses DU 99-W-405, DU 99-W-350, DU 97-W-300, DU 91-W2-250, DU 93-W-210, and NACA 64-618 airfoils [7] . The longest chord length is 4.652 m, the shortest chord length 0.7 m. The details of blade span, chord, and twist of each section are shown in Table 1 . In order to improve the strength of the blade, two ribs are designed in the hollow wind blade, as shown in Fig. 1 . 
Material of Wind Turbine Blade
The wind turbine blade material must be light and of high strength. Therefore, the carbon fiber cloth/epoxy, the glass fiber/vinylester composites, and PVC foam were adopted as the blade material to form sandwich structure, as shown in Fig. 2 . The material parameters are referred to Yeh et al. [5] . In order to improve the mechanical strength of blade, the carbon fiber cloth/epoxy composites was placed on the outermost layer and the glass fiber/vinylester as inner layers. The use of PVC foam as the core material can increase the blade thickness, and can reduce the production cost. 
Stacking Arrangement of Wind Turbine Blade
The carbon fiber cloth/epoxy composites is laminated as 10 [0] , having total of 20 layers including both upper and lower parts. The glass fiber/vinylester composites has four different stacking angles 
Thickness of Wind Turbine Blade
Three different blade thicknesses were analyzed, that is, reference thickness, linear thickness, and optimal thickness. The reference thickness refers to the one used by Yeh at al. [5] . For the linear thickness, the blade thickness is the thinnest at the tip, the thickest near the root; while the middle region is thickened by a linear variation. The optimal thickness is based on the reference thickness, in which the circular cross section of the blade root is reduced into a hollow circular section and the rest of the sections are reduced into hollow rectangular section, according to the following equations [8] 
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where H t is the root optimal thickness, (
A t the optimal thickness for each wing section. H I and ( ) I r are the cross sectional moment of inertia for the root section and for each wing section. H c is the diameter of the root section. C is the chord length, and t is the maximum thickness for each airfoil. The wind blades were divided into 18 sections. The first section is the blade tip, and the 18th section is the blade root. Table 2 shows the data for NREL 5MW blade with reference thickness, linear thickness and the optimal thickness. The thickness variations are shown in Fig. 3 . Figure 3 . Three types of thickness variation for wind blade.
Mesh Study of Wind Turbine Blade Model
The ANSYS software was used to analyze the convergence of the stress values of the wind turbine.
The simulation results of the model were compared and the optimal element number of the model was obtained, as shown in Fig. 4 . Figure 5 shows that the maximum von Mises stress varies with the element number from 7000 to 60000. It can be seen from Fig. 5 , when the blade model reaches more than 25000 elements, the maximum von Mises stress approaches a convergent value. 
Load and Boundary Conditions of Wind Turbine Blade
In this study, the maximum wind speed of 25 m/s was selected when the wind turbine was rotated, and the rotation speed of the wind blade was set at 12.1 rpm. The wind blade was subjected to wind load, gravity and centrifugal force. The wind load is the pressure distributed on the blade from flow field analysis. The gravity load is caused by the weight of the wind blade itself, varying along the axial position. The centrifugal force is caused by the rotation of the blade. The root end of the wind blade is fixed on the wind turbine hub, so the boundary conditions are all fixed for the petiole DOF. Figure 6 shows various loading and boundary conditions for the wind blade. As the wind blade is under various loads such as wind load, gravity load and centrifugal force, the blade itself is subjected to stress in many directions. The stress distributions of wind blades were investigated using von Mises equivalent stress.
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Results and Discussion
The results of simulating NREL 5MW wind turbine blades with ANSYS software were obtained. The effects of four different stacking angles in glass fiber/vinylester composites and thickness variation on their stress distribution and deformation of wind blade are discussed. in glass fiber/vinylester composites. From Fig. 7 , the wind pressure resulted in a bending moment on the blade, so that tensile stresses were obtained on the upper surface of the blade, and compressive stresses on the lower surface. The weight of the blade itself causes compressive stress at the blade leading edge, and tensile stress at the trailing edge. The centrifugal force causes the blade to be loaded by tensile stress. The maximum von Mises stress occurs at the junction of the circular section and the DU 99-W-405 airfoil, near the ribs. This is the location where the blade shape and the thickness changes much, as shown in red in Fig. 7(a) . The simulation results for different stacking angles in glass fiber/vinylester composites are shown in Table 3 . Figure 8 shows simulation results of wind blade in chosen locations with different stacking angles in glass fiber/vinylester composites. It can be seen from 
Different Stacking Angles

Different Thickness
The wind blades with the reference thickness, linear thickness and optimal thickness were simulated and the results are listed in Table 4 . The maximum von Mises stress of the blade with reference thickness occurs at the junction of the circular section and the DU 99-W-405 airfoil, near the stiffened rib. The results show that the big change of blade shape resulted in a maximum von Mises stress. From Table 4 , the smallest von Mises stress is on the blade skin for the blade with linear thickness. In the stiffened ribs (spar), a minimum von Mises stress occurs for the blade with optimal thickness. The wind blade tip displacement is the smallest for the blade with linear thickness. From Fig. 3 , it can be seen that the NREL 5MW blades with linear thickness and optimal thickness are thicker than that with reference thickness in the circular part. The stress and displacement of the wind blade are reduced with the disadvantage of increasing weight. The average weight of the 5 MW wind blades is about 30 to 40 metric tons. The NREL 5MW blade with reference thickness is calculated to be 33.42 metric tons, while the weight of the NREL 5MW blades with linear thickness and optimal thickness are 35.16 and 35.05 metric tons, respectively. These 5.21% and 4.65% increases are still within the allowable range. As the wind blade becoming heavier, although the strength of blade increases, it is less easy to transport and to hoist, and also the cost price will be higher. 
Conclusions
In this study, the finite element analysis software ANSYS was used to simulate the NREL 5MW wind turbine blade. The stress distribution and deformation of the wind turbine blades under various loads was analyzed, and the effect of changing the stacking angle in glass fiber/vinylester composites and the thickness variation of the blade structure on the simulation results was discussed.
(1) For NREL 5MW blades under a variety of loads, the maximum von Mises stress occurs at the junction of the circular section and DU 99-W-405 airfoil, near the rib where the blade shape and thickness changed much. in the glass fiber/vinylester composites, effectively enhances its strength so that the stress is minimized. (4) The wind blades with linear thickness and optimal thickness are thicker than the reference one in the location near the circular section, so that the stress and displacement of the blade are reduced, with the disadvantage of increasing blade weight.
